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 Whether silicon can form compounds similar to carbon or not has been a question for 
scientists since the development of the periodic table.1-4 In contrast to the organic compounds, most 
of unsaturated silicon compounds (e.g. silicon analogues of alkenes (disilenes), ketones (silanones) 
etc.) are highly reactive because the multiple bonds that involve silicon atom are weaker than 
carbon.5 Thus, the isolation of such silicon compounds had been regarded as impossible task until 
the early 1980’s. However, West demonstrated the isolation of disilene 1 by utilizing steric 
protection in 1981 (Figure 1).6 Since this seminal study, various low-coordinate and unsaturated 
silicon compounds such as disilene, silylene and disilyne stabilized by kinetic stabilization and/or 
thermodynamic stabilization have been synthesized.7-10 These isolable silicon compounds enable us 
to reveal their characteristic properties and understand the nature of silicon compounds. Thus, the 
development of elaborate molecular design has been continued to open up new chemistry. It is very 
important task though challenging. 
 
Figure 1. Examples of first isolable unsaturated silicon compounds that were stabilized by a 
well-designed protecting group.  
 
 Our group isolated unsaturated silicon compounds such as silylene 4 by utilizing 
1,1,4,4-tetrakis(trimethylsilyl)butane-1,4-diyl group A.11 4 is essentially stabilized by the steric 
demand of A, and hence 4 possesses unperturbed two-coordinate silicon atom that exhibit intrinsic 
properties of silylene.12 Furthermore, protecting group A enable us to isolate related silicon 
unsaturated compounds and to reveal their structure and properties (Figure 2).13 Though A 
successfully provided many insights into the unsaturated silicon compounds, there is a room to 
improve; for instance, the steric demand of A is not enough in the case of isolable silanones (silicon 













Figure 2. Structure of 1,1,4,4-tetrakis(trimethylsilyl)butane-1,4-diyl group A and isolable 
unsaturated silicon compounds protected by A 
 
Inspired by the design of protecting group A, the author came up with the utilizing 
3,5-di-tert-butyl-4-methoxy phenyl group that are more bulky and robust than silyl group. In this 
work, the author developed new protecting group: 1,1,4,4-tetrakis(3,5-di-tert-butyl-4-methoxy 
phenyl)butane-1,4-diyl group B and applied it for the isolation of unsaturated silicon compounds 10 
to 13 that have not been isolated yet (Figure 3). Through the successful synthesis of unsaturated 
silicon compounds 10 to 13 by utilizing protecting group B and the exploration of their nature, the 
author clearly showed the usefulness of new protecting group B and confirmed that the elaborate 
molecular design open up new chemistry. 
 
   
Figure 3. Structure of 1,1,4,4-tetrakis(3,5-di-tert-butyl-4-methoxy phenyl)butane-1,4-diyl group B 
and isolable unsaturated silicon compounds protected by B 
 
In chapter 2, the author describes the successful synthesis and structure analysis of the first 
isolable dialkylsilanone 11 that contains a genuine Si=O bond protected by B. The background, 
molecular design, and detailed synthesis of 11 from silylene 10 were described in this chapter. 
 In chapter 3, the author describes the reactions of silanone 11 which reflect the highly 
polarized nature of the genuine Si=O bond in 11. 
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described. The author proved that the designed protecting group B is applicable for the isolation of 
another unsaturated silicon compounds such as 12. During this study, a new tetrasilicon analogue of 
bicyclo[1.1.0]but-1(3)-ene, 13, were also obtained. 
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Synthesis and Structure of  
an Isolable Dialkylsilanone with a Genuine Si=O Bond 
 
The contents of this chapter are published in part. 





In this chapter, the author has designed and synthesized the first example of an isolable 
silicon analogue of a ketone that contains an unperturbed Si=O double bond (Scheme 1). The author 
also succeeded in revealing the structure of the genuine Si=O bond by the single-crystal XRD 
analysis and DFT calculations. 1 has provided insight into the molecular and electronic structure as 
well as the properties of the unperturbed Si=O moiety, which should open new avenues in the 
chemistry of silicon analogues of carbonyl species. Moreover, 1 represents the missing member in 
the family of isolable compounds containing an unperturbed double bond between a group 14 
element and a group 16 element such as an Si=S bond and a Ge=O bond. 
The synthesis of 1 was achieved by the oxidation of cyclic dialkylsilylene 2 which was 
synthesized from 4-bromo-2,3-di-tert-butylphenol 3 (Scheme 1). The treatment of a solid of 2 with 
gaseous N2O at room temperature provided 1 in 100% yield as a white solid. The generation of 1 
was confirmed by multinuclear NMR spectroscopy, high-resolution mass spectrometry (HRMS), 
elemental analysis (EA) and single-crystal XRD analysis. 
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The 29Si NMR resonance of the three-coordinate silicon nucleus in C6D6 appears in the 
low-field region (90.0 ppm, Figure 4).  
 
Figure 4. 29Si NMR spectrum of 1 (C6D6, 500 MHz). 
 
The IR spectrum of 1 was recorded in C6H6 to gain further insight into the structure of the 
Si=O moiety; however, the band potentially assignable to the Si–O vibration was difficult to discern. 
Using DFT calculations, the calculated Si–O vibration frequency for the optimized structure of 1 
(1opt; ~1168 cm–1) would overlap with the strong bands of the aryl groups (Figure 5a and b). The 
UV-vis absorption spectrum of 1 in C6H6 exhibits strong π→π* transitions from the aryl moieties 
(~300 nm), thus preventing the observation of the n(O)→π*(Si=O) transition band, which was 
predicted by DFT calculations to appear at ~260 nm (Figure 5c).  
 
Figure 5. IR spectra of (a) 1 in benzene, (b) the simulated spectrum that was calculated at the 
B3LYP-D3/6-31G(d) level of theory and scaled with a factor of 0.9613 and (c) UV spectrum of 1 
(in benzene, c = 2.6 × 10–3 M, r.t.). 
 























The molecular structure of 1 in the solid state was unequivocally determined by a 
single-crystal XRD analysis (Figure 6). The distances between the silanone Si and O atoms of the 
closest neighboring molecules [10.336 (2) Å] (Figure 6b) is much larger than the sum of the van der 
Waals radii of the Si and O atoms [Si+O: 3.40 Å]. The atoms intermolecularly closest to the Si1 and 
O1 atoms are carbon atoms in the t-Bu groups of a neighboring molecule, with distances [Si1···C: 
4.494 (3) Å; O1···C: 3.472 (4) Å] that are significantly longer than the sum of the van der Waals 
radii [Si+C: 3.85 Å; O+C: 3.25 Å]. These results suggest that in the crystal, significant 
intermolecular interactions are absent between the Si=O moiety of 1 and its nearest neighbor or a 
molecule of C6H6. Accordingly, it is feasible to consider 1 as an isolated Si=O species. The angle 
sum around the three-coordinate silicon atom [359.99 (14)°] indicates that the Si atom adopts a 
virtually ideal trigonal-planar structure. The Si–O distance [1.518 (2) Å] is much shorter than that in 
Si–O single bonds (1.63 Å) and represents the shortest hitherto reported Si–O bond for crystalline 
Si=O species with a three-coordinate silicon atom (1.526–1.543 Å). It is also very close to the Si–O 
bond length in H2Si=O (1.515 Å), which has been estimated based on the rotational spectroscopy. 
 
 
Figure 6. Molecular structure of 1 in the solid state. a) Molecular structure of 1 with thermal 
ellipsoids shown at 50%probability. b) Closest intermolecular contacts between the three-coordinate 
silicon atom and the terminal oxygen atom in the crystal. Hydrogen atoms are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: O1–Si1 1.518(2), Si1–C1 1.887(3), Si1–C4 1.892(3), C1–
C2 1.548(4), C2–C3 1.536(4), C3–C4 1.562(4); O1-Si1-C1 129.55(14), O1-Si1-C4 129.95(14), 
















To obtain further insight into the nature of the Si=O bond in 1, DFT calculations were 
carried out on the optimized structure of 1 (1opt) at the B3LYP-D3/6-31G(d) level of theory. In 1opt, 
the Si=O bond length (1.537 Å) and the angle sum around the three-coordinate silicon atom 
(359.9°) are in good agreement with those observed in the solid state [1.518 (2) Å; 359.99 (14) °]. 
The 29Si NMR chemical shift of 1 (90.0 ppm) was also reproduced well by gauge independent 
atomic orbital (GIAO) calculations on 1opt at the B3LYP/6-311+G(2df, p) level of theory (79.9 
ppm). The HOMO-13, LUMO, and HOMO-8 orbitals correspond to the π- and π*-orbitals of the 
Si=O bond, as well as and the non-bonding orbital of the terminal oxygen atom, respectively 
(Figure 7). The natural population analysis of the charges at the silicon (2.08 e) and oxygen (−1.10 
e) atoms of 1opt confirm a substantially polarized Siδ+–Oδ− bond, similar to those previously 
predicted for other Si=O species. The results of these DFT calculations thus support the presence of 
a polar Si=O double bond in 1. 
 
Figure 7. Selected Kohn-Sham orbitals of 1opt (a) HOMO–13 (No. 254, π(Si=O)), (b) HOMO–8 
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In this chapter, the author examined the reactions of 1 with various small molecules and 
investigated reactivity of the Si=O bond in 1. The bimolecular reactions of 1 with small molecules 
clearly indicate that the electron donation of the carbon-based substituents in 1 is substantially 
lower than that in the hitherto known base-coordinated Si=O species. Accordingly, the unperturbed 
Si=O moiety in 1 exhibits both an intrinsically high electrophilicity on the Si atom and 
nucleophilicity on the O atom of the genuine Si=O bond. Especially, 1 reacts with an ether to cleave 
the C-O/C-H bonds of the ether under mild conditions, which is in contrast to the fact that the 
electronically stabilized Si=O species are often synthesized in an ethereal solvent such as THF. The 
scope and mechanism of the reaction of 1 with ethers were revealed by experimental and theoretical 
studies. 
1 readily reacts with hydrosilane, acetone, styrene and arylborane etc., indicating that the 
intrinsic high reactivity of the Si=O bond (high electrophilicity of Si atom and nucleophilicity of O 
atom) remains in spite of the steric protection of the bulky substituent (Scheme 2).  
 
Scheme 2. Bimolecular reactions of 1 with small molecule in benzene. 
 
 

















































































8a: M = K, 28%
8b: M = Na, 14%
 13 
group were examined in C6D6 at room temperature (Table 1). In these reactions, the author observed 
the formation of a dialkoxysilane, which is the formal product of the insertion of the Si=O moiety 
into the ethereal C–O bond, as well as alkoxysilanols and alkenes, which are the formal products of 
the C–O cleavage and the b hydrogen abstraction of the ether by the oxygen atom of the Si=O bond. 
The relative yields of these products are susceptible to the structure of the employed ether, 
especially the presence of the b C-H bonds and the steric hindrance around the a-carbon. 
 
Table 1. Reactions of silanone 1 with ethers. 
 
The reaction of 1 with 4-methyltetrahydropyran (MTHP), which is a rigid and bulky ether, 
provided the direct evidence for the formation of the ether complex of 1 as a key intermediate 
(Figure 8a). This reaction afforded 1:1 complex 18 as a sole product which was characterized by a 
combination of multinuclear NMR spectroscopy, high resolution mass spectrometry (HRMS), and 






































































a The NMR yields were determined by integrals of 1H NMR spectra using 
1,3,5-tri(t-butyl)benzene as an internal standard. b Reaction time: 1 day. 



























of the ethereal oxygen atoms to the three-coordinate electrophilic silicon atom in the Si=O bond 
should be the initial step of the reaction. The coordination of a typical strong donor, 
4-(dimethylamino)pyridine (DMAP) to the Si atom of 1 also provides the proof of the 
aforementioned assumption (Figure 8a): the addition of DMAP to a benzene solution of 1 led to the 
quantitative formation of the DMAP complex of 1 (19) and pure 19 was isolated in 24% yield by 
recrystallization from benzene. The molecular structure of 19 was confirmed by preliminary XRD 
analysis (Figure. 8c). In contrast to 1, 19 did not react with diethyl ether, which confirms that the 
coordination of the ethereal oxygen atom to the Si atom of the Si=O bond is important to proceed 
the reaction. This is also consistent with the fact that the reactions of the electronically-stabilized 
isolable Si=O species and ethers have not been reported. 
  
Figure 8. (a) Formation and reactions of silanone-Lewis base complexes 18 and 19. (b) and (c) 
Molecular structure of 18 and 19 with thermal ellipsoids shown at 50% probability. Hydrogen 
atoms and solvents are omitted for clarity. 
 













































slow compared with the reaction of 1. To our surprise, ethoxysilanol 12 and ethylene were gradually 
formed in 57% and 8% yield (conversion 42%) after 7 days and the formation of 11 was not 
observed. 12 was also preferentially formed in the reactions of 1 with diethyl ether under dilute 
conditions: when a benzene solution (0.01 mol/L) of 1 treated with diethyl ether, the yields of 11 
(15%) and 12 (58%) was considerably changed from that obtained under the concentrated 
conditions [11 (32%), 12 (32%); Table 1, entry 2]. These results indicate that the concentration of 
an ether complex of 1 affects the selectivity of the reaction. As alkoxysilanols were obtained under 
both dilute and concentrated conditions, the formation of the alkoxysilanols should intramolecularly 
occur from the ether complex of 1. Conversely, the formation of dialkoxysilanes was significantly 
suppressed under dilute conditions, hence the intermolecular reaction between the ether complexes 
of 1 should mainly proceed. The intermolecular reaction to form the dialkoxysilanes was confirmed 
by the following crossover experiment. The reaction of 1 with a 1:1 mixture of ether/ether-d10 
provided 11-d5 in addition to 11, 11-d10, 12, 12-d5, which were identified by HRMS analysis. The 
exchange of the alkoxy groups during the reactions can be ruled out, as the reaction of 
diethoxysilane 11 and methoxysilanol 16 in the presence of 1 did not proceed at all. The reaction of 
1-MTHP complex 18 with diethyl ether should start from the replacement of MTHP by diethyl ether 
to form a diethyl ether complex of 1. Due to the low concentration of the ether complex, the 
intramolecular reaction products, 12 and ethylene, should be preferentially formed. 
The reaction of 1 with THF afforded macrocyclic product 20 (21%), which is consistent 
with the formation of the corresponding THF complex of 1 (Scheme 3). 20 was isolated and fully 
characterized by a combination of multinuclear NMR spectroscopy, HRMS, elemental analysis and 
XRD analysis. When the reaction was carried out in benzene under diluted condition (0.05 mol/L), 
a complex mixture was formed and the yield of 20 decreased to 5%. 20 is considered to be formed 
from two molecules of the THF complex of 1. The formation of 20 and the concentration 
dependence of its yield also support that the dialkoxysilanes should be mainly formed via the 
intermolecular reaction of an ether complex of 1. 
 16 
Scheme 3. The reaction of 1 with THF. 
 
The possible mechanism for the reaction of 1 with ethers was depicted in Figure 9. As 
expected from the formation of base complexes 18 and 19, the initial step should be the 
coordination of the ethereal O atom to the Si atom of the Si=O bond to provide an ether complex of 
1. The subsequent reactions provide a dialkoxysilane via the migration of an alkyl group (path A) or 
an alkoxysilanol via the cleavage of C-O and b C–H bond with the elimination of an alkene (path 
B), which depend on the structure of the employed ether, especially the presence of the b C–H bond 
and/or the steric hindrance around the a-carbon. In the case of the ether that has less hindered alkyl 
group (Table 1 entries 1-3), the rearrangement of ether complex of 1 should proceed to provide 
dialkoxysilane 21 (path A). Path A should mainly proceed intermolecularly, as the formation of the 
dialkoxysilanes is substantially suppressed under diluted conditions and the intramolecular 
4-endo-tet substitution is unfavorable. For an ether that possesses b C–H bonds, the cleavage of the 
C–O and b C–H bonds in the ether also occurs to afford alkoxysilanol 22 and alkene (path B). In 
contrast to path A, path B should proceed mainly intramolecularly because alkoxysilanol 22 was 
formed even under diluted conditions. As for the ether that contains a bulky a-carbon (Table 1 
entries 4-6), path A should be suppressed, as the intra- and/or intermolecular migration of the alkyl 
group should be prohibited due to the steric demand. Although both cyclopentyl methyl ether and 
tert-butyl methyl ether have less hindered methyl group (Table 1 entries 5-6), only methoxysilanol 
16 was formed selectively. In both cases, when 1 forms a complex with the ether, the more bulky 
alkyl group of the ether (R1 = cyclopentyl or tert-butyl, R2 = Me) should be oriented over the 

























selective formation of alkoxysilanol 22 probably via path B. 
 
Figure 9. Possible routes for the reaction of 1 and an ether. 
 
The formation of a dialkoxysilane as well as an alkoxysilanol and an alkene from the 
reaction of a silanone and an ether is also found theoretically by the DFT calculations of the more 
simple system such as dimethylsilanone (Me2Si=O) and ethyl methyl ether (Figure 10). After the 
exergonic reaction to form the initial complex of Me2Si=O and ethyl methyl ether (23), which is 
consistent with the formation of 10 and 11, two pathways, the migration of ethyl group affording 
ethoxylmethoxysilane 24 (path A) and the elimination of ethylene providing an methoxysilanol 25 
(path B) are also exergonic with the moderate activation free energies (Figure. 10). Although, in 
reality, the steric effects of bulky substituents installed in silanone 1 and the corresponding 
intermolecular reactions should substantially contribute to the mechanism and selectivity for the 
reactions of 1 with an ether, the calculations of the model compounds indicate that the reaction of a 
silanone with an ether providing a dialkoxysilane as well as an alkoxysilanol and an alkene as 
observed for 1 is intrinsic to a genuine silanone. 
 
Figure 10. A model reaction of Me2Si=O and ethyl methyl ether calculated at 
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Synthesis and Properties of an NHC-stabilized Disilavinylidene 
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 In this chapter, synthesis and properties of an NHC-stabilized disilavinylidene were 
described. The author applied the designed protecting group of silanone to another silicon multiple 
bond and successfully isolated NHC-stabilized disilavinylidene 1. During this study, a new 
tetrasilicon analogue of bicyclo[1.1.0]but-1(3)-ene 3, were also obtained. Furthermore, we get first 
insight about the reactivity of heavier vinylidene to N2O. 1 showed both reactivities of double bond 
and Si: moiety toward N2O and afforded a silicon analogue of an acetolactone (4) that was isolated 
as a Lewis base and acid stabilized form.  
 
 
  
